MicroRNAs (miRNAs) are non-coding RNA molecules of about 22 nucleotides that involved in post-transcriptional gene regulation. Evidence indicates that miRNAs play essential roles in endometriosis, pre-eclampsia, infertility and other reproductive system diseases. However, whether miRNAs are involved in recurrent spontaneous abortion (RSA) is unclear. In this work, we analysed the miRNA expression profiles in six pairs of villus or decidua from RSA patients and normal pregnancy (NP) women using a human miRNA microarray. Some of the chip results were confirmed by RT-qPCR. In the villi of RSA patients, expression of hsa-miR-184, hsa-miR-187 and hsa-miR-125b-2 was significantly higher, while expression of hsa-miR-520f, hsa-miR-3175 and hsa-miR-4672 was significantly lower, comparing with those of NP control. As well, a total of five miRNAs (hsa-miR-517c, hsa-miR-519a-1, hsa-miR-522, hsa-miR-520h and hsa-miR-184) were upregulated in the decidua of RSA patients. The target genes of these differentially expressed miRNAs were predicted by miRWalk, and we speculate a network of miRNA regulating RSA by target genes function on adhesion, apoptosis and angiogenesis. Our study may help clarify the molecular mechanisms which are involved in the progression of RSA, and provide a reference for future research.
Introduction
Recurrent spontaneous abortion (RSA) has been defined as the miscarriage of two or more consecutive pregnancies before 20 weeks of pregnancy in human (Rai & Regan 2006) , which is difficult to treat in the clinical setting. About 1% of couples are affected by recurrent miscarriage. In the female, the causes of RSA have been generally recognised including genetics, anatomical, endocrine, placental anomalies, hormonal problems, infection, smoking and alcohol consumption, exposure to environmental factors, psychological trauma and stressful life event, certain coagulation and immunoregulatory protein defects (Pandey et al. 2005) . However, half of the patients with RSA still cannot find the cause of recurrent miscarriage (Pandey et al. 2005) .
MicroRNAs (miRNAs) is a class of endogenous gene encoding a length of about 22 nucleotides with noncoding single-stranded RNA molecules. In 1993, Lee et al. (1993) and Wightman et al. (1993) first discovered miRNA in a worm, called lin-4. So far, miRNA-regulating gene expression has been observed in almost all multicellular eukaryotes and many of the unicellular eukaryotes. Also, it has been demonstrated that miRNA has a critical regulatory role in endometriosis (Pan et al. 2007) , pre-eclampsia (Zhang et al. 2010 ), infertility (McCallie et al. 2010 ) and other reproductive system diseases. miR-133a can reduce RSA, and is regulated by human leukocyte antigen HLA-G gene (Wang et al. 2012) . Some miRNA polymorphisms and miR-499AOG) do have a risk of RSA in Korean women (Jeon et al. 2012a,b) . However, the genome-wide miRNA profiles in RSA patients and the functional mechanisms of these differentially expressed miRNAs are largely unclear.
Therefore, the present study was undertaken to investigate the expression pattern and possible target genes of miRNA in the villi and decidua from women who suffered from RSA.
Materials and methods

Patients and samples
All subjects in this study are Chinese. The decidual tissues and villus tissues were obtained from 15 clinically normal pregnancies (NP) that were detected by ultrasound (age: 27.30G1.31 years and gestational age at sampling 7.26G 1.43 weeks (meanGS.D.)), which were terminated for non-medical reasons, and 20 RSA cases (age: 28.37G1.46 years and gestational age at sampling 7.53G1.52 weeks (meanGS.D.)), which were classified as having unexplained aetiology for the occurrence of abortion after the exclusion of maternal anatomic or hormonal abnormality, paternal and maternal chromosomal abnormality, and infection. All the tissues were minced into small fragments and incubated in TRIzol reagent and stored at K80 8C. Each patient completed a signed, written consent form, and the form has been approved by Human Investigation Committee of Hospital of Obstetrics & Gynecology, Fudan University.
Microarray analysis
Total RNAs were extracted using TRIzol reagent (Invitrogen) according to the manufacturer's description, quantified using the NanoDrop ND-1000 and the RNA integrity was assessed using standard denaturing agarose gel electrophoresis, purified using the miRVana miRNA Isolation Kit (Ambion, Austin, TX, USA), tailed with polyadenylation polymerase, ligated with biotinylated DNA dendrimers, and hybridised to Affymetrix GeneChip miRNA arrays using the FlashTag Biotin RNA Labeling Kit (Genisphere, Hatfield, PA, USA) according to the manufacturer's instructions. Slides were scanned with the Affymetrix GeneChip Scanner 3000 (Affymetrix, Santa Clara, CA, USA), and miRNA data were analysed using the miRNA QC Tool (Affymetrix). (Livak & Schmittgen 2001) . The miRNA level was normalised by the housekeeping gene, b-actin.
Cluster analysis
Unsupervised hierarchical clustering was carried out with average linkage and uncentred correlation as the similarity metrics using Cluster 3.0 (de Hoon et al. 2004) . Heat maps were generated in Java Treeview. Data from each raw probe from the microarrays of all samples were averaged, and then the respective data from the samples was transformed as the provider divided by the average (mean). Relative expression of each miRNA was calculated via the ratio between the sample microarrays and the average of all microarrays (Sun et al. 2011) . To draw a simple and perspicuity figure with the software, the relative expression of each gene was described as the log 10 (ratio) in the heatmap figures from Cluster 3.0. 
Selection of differentially expressed miRNAs and functional analysis
Differentially expressed miRNAs were identified using the significance analysis of microarrays (SAM) program. The miRNAs with q value %0.05, fold change R2 or %0.5 were considered to be significantly differentially expressed. Using miRWalk and Targetscan, we predicted the target genes of significant differentially expressed miRNAs, and then we selected genes which can act as target genes of two or more significant miRNAs to perform Gene Ontology (GO) and pathway analysis, the Klog 10 (P value) indicating the GO and pathway result was used in the histogram and line chart by SigmaPlot (Systat Software, Inc., San Jose, CA, USA).
Results
Differential expression of miRNAs in villus and decidua of RSA patients
In order to analyse the expression changes of miRNAs in the villus and decidua of RSA patients, we detected the global miRNA expression profiles of villus and decidua of RSA patients and NP controls ( Fig. 1A and Supplementary Table 1 , see section on supplementary data given at the end of this article), using the R package from SAM to screen the differential expression of miRNAs following the criteria: q value %0.05; fold change R2 or %0.5. A total of 45 miRNAs were found to be differentially expressed, of which four miRNAs were upregulated, 41 miRNAs were downregulated in the villus of RSA patients compared with those in the villus of NP controls, and there are seven miRNAs upregulated in the decidua of RSA patients ( Supplementary Table 2 ). We can intuitively observe this phenotype in log-log scatter plot ( Fig. 1B and C) . To further filter the key miRNA in RSA, we defined differential miRNAs as the criteria: q value %0.05; fold change R5 or %0.2. Three miRNAs (hsa-miR-184, hsa-miR-187 and hsa-miR-125b-2) were found to exhibit higher specific expression and three miRNAs (hsa-miR-520f, hsa-miR-3175 and hsa-miR-4672) lower specific expression in the villus of RSA patients compared with those in the villus of NP controls. Also, five miRNAs (hsa-miR-517c, hsa-miR-519a-1, hsa-miR-522, hsa-miR-520h and hsa-miR-184) were upregulated in the decidua of RSA patients compared with those in NP controls. The detail information about some of these genes was showed in Table 2 . We were surprised to find that hsa-miR-184 has a high expression level both in the villus and in decidua of RSA patients. This suggests that hsa-miR-184 may have a critical role in RSA. To examine the reliability of the array data, we selected ten miRNAs which were detected to have differential gene expression by microarray ( Fig. 2A and B) to confirm their expression in villus or decidua of RSA and NP controls by using qPCR. The results of qPCRs were consistent with microarray data (Fig. 2C and D) .
Target prediction of differentially expressed miRNAs
The target genes of these differentially expressed miRNAs were predicted by miRWalk (http://www.umm.uniheidelberg.de/apps/zmf/mirwalk/), which can integrate the predictive information of ten miRNA target prediction databases. If a gene can be predicted as a target gene by more than four databases simultaneously, we suppose that this target gene is effective. Next, we used these 'effective target genes' and differentially expressed miRNAs to establish the miRNA-gene Venn diagram (Fig. 3) . Hsa-miR-184 has 431 target genes and hsa-miR-187 has 334 target genes predicted by miRWalk, and 20 of the target genes can be predicted as target genes of hsa-miR-184 and hsa-miR-187 ( Fig. 3A) . Hsa-miR-520f, hsa-miR-3175 and hsa-miR-4672 are downexpressed in the villus of RSA patients, and there are 179 target genes predicted by at least two of the three miRNAs ( Fig. 3B ). Hsa-miR-517c, hsa-miR-519a-1, hsa-miR-522, hsa-miR-520 and hsa-miR-184 are significantly overexpressed in the decidua of RSA patients, and there are 1547 target genes predicted by at least two of the five miRNAs ( Fig. 3C ).
Functional prediction of differentially expressed miRNAs in RSA
We selected genes which can be the target of two or more miRNAs simultaneously to perform GO and KEGG pathway analysis. The most significant biological processes of these target genes of overexpressed miRNAs in the villus of RSA patients were biosynthesis of pyridoxal phosphate and pyridoxine, metabolism of vitamin B6, regulation of translational termination, development, etc. (Fig. 4A) . The most significant biological processes of the genes targeted by downexpressed miRNAs in the villus of RSA patients were regulation of transcription, DNA-dependent transcription, interspecies interaction between organisms, development, protein amino acid phosphorylation, etc.
( Fig. 4B) . The most significant biological processes of these target genes of overexpressed miRNAs in the decidua of RSA patients were regulation of transcription, signal transduction, protein amino acid phosphorylation and development, etc. (Fig. 4C) . Similarly, the pathway analysis showed that the predicted target genes in villus were involved in adherence junction, gap junction, purine metabolism, calcium signalling pathway, focal adhesion, endometrial cancer, etc, and the predicted target genes of high expressed miRNAs in the decidua of RSA patients were related to apoptosis, focal adhesion, T cell receptor signalling pathway, etc. (Fig. 5 ).
Discussion
Previous reports indicated that cell adhesion has a critical role in NP (Konijnenberg et al. 1997 , Lyall et al. 1999 , Chaiworapongsa et al. 2002 , T cell adhesion to the extracellular matrix proteins, which was seen as a determinant of successful or failing pregnancy (Malgorzata & Gorski 1998) . In women with RSA, the adhesion of trophoblasts to endothelial cells is inhibited. However, the pathogenetic mechanism which inhibits the adhesion of trophoblast to endothelial cells remains unclear in women with RSA (Bulla et al. 1999 ). In the present study, we carried out GO and pathway analysis -log (P) Figure 5 Result of pathway analysis of the target genes predicted by differentially expressed miRNAs. (A) Main pathway involved by genes targeted by hsa-mir-184 and hsa-mir-187. (B) Main pathway involved by genes targeted by two or more miRNAs of hsa-mir-520f, hsa-mir-3175 and hsa-mir-4672. (C) Main pathway involved by genes targeted by two or more miRNAs of hsa-mir-517c, hsa-mir-519a-1, hsa-mir-522, hsa-mir-520h and hsa-mir-184.
for the target genes of has-miR-184 (Fig. 6) . The most relevant KEGG pathway was cell adhesion molecules (Fig. 6B) , and GO analysis also indicated that hsa-miR-184 regulated cell adhesion (Fig. 6A ). Coincidentally, GO and pathway analysis of other differentially expressed miRNAs demonstrated that they also regulated cell adhesion via target genes (Figs 4 and 5) . For example, the most significant KEGG pathway regulated by miRNAs which was down expressed in the villus of RSA patients was focal adhesion (Fig. 5B ). High expression of miRNAs in the decidua of RSA patients was also involved in the regulation of cell adhesion and focal adhesion (Figs 4C and 5C ). We also found the regulated relationship between hsa-miR-187 and focal adhesion (Fig. 5A) . From above results we know, all the differentially expressed miRNAs are involved in the regulation of adhesion function. Therefore, we speculate that miRNA could affect cell adhesion and then regulate the occurrence of RSA. Although the relative importance of immunological factors in human reproduction remains controversial, substantial evidence suggests that the leukaemia inhibitory factor (LIF), progesterone-induced blocking factor (PIBF), HLA-DPB1 and CD69 contribute to RSA. From targets' prediction data, we found upregulated miRNAs (hsa-miR-519a-1 and hsa-miR-520h) in decidua and low expressed miRNA (hsa-miR-520f) in villus of RSA patients, all target to LIF ( Supplementary Table 3 , see section on supplementary data given at the end of this article), substantial evidence suggests that LIF contributes to reproductive failure (Choudhury & Knapp 2001) . In decidua, PIBF is known as a target gene of hsa-miR 520h ( Supplementary Table 3 ), and PIBF can mediate progesterone-induced suppression of decidual lymphocyte cytotoxicity (Laskarin et al. 2002) . We predicted HLA-DPB1 as a target gene of hsa-miR-520f, which was low expressed in villus ( Supplementary Table 3 ), and just as Takakuwa et al. (2003) reported HLA-DPB1 might be a risk allele for unexplained recurrent abortion in the Japanese population. From target gene results ( Supplementary Table 3 ), hsa-miR-519a-1 upregulated in the decidua of RSA patients could target 3 0 UTR of CD69; therefore, intracellular expression of CD69 in endometrial and peripheral T cells represents a useful marker in women with recurrent miscarriage (Ramhorst et al. 2003) .
Previous study has demonstrated that the angiogenesis in NP is very critical (Reynolds et al. 1992 , Chatzaki et al. 2001 . Kwang-Hyun Baek compared the gene expression level of angiogenesis-related genes in chorionic villi of RSA patients with those of normal controls (Choi et al. 2003) . The result indicated that the lower expression of angiogenesis-related genes is associated with RSA (Choi et al. 2003) . In our study, high expression of hsa-miR-519a and hsa 520h in decidua can downregulate matrix metalloproteinase 2 (MMP2; Supplementary Table 3 ). It has been demonstrated that fibronectin upregulates MMP2 in human T-lymphocytemediated adhesion and migration (Esparza et al. 1999) , and there is increased frequency of T cell adhesion to extracellular matrix fibronectin in women suffering from RSA (Jerzak et al. 2000) . MMPs were also involved in promoting the invasiveneness of trophoblasts and decidual stromal cells. Abnormal low expression of MMPs at the maternal-fetal interface will lead to the deficiency of trophoblasts invasion, and further contribute to the origin of RSA (Du et al. 2012 , Nissi et al. 2013 . In addition, the other angiogenesis-related genes, such as integrin-alphaV, transforming growth factor b2 (TGFb2), TGFb receptor 1 (TGFbR1), vascular endothelial growth factor A and TGFbR3 downregulated by highly expressed has-miR-520h, hsa-miR-519a and hsa-miR-522 in decidua ( Supplementary Table 3 ). Based on these results, aberrant angiogenesis may be partially attributed to overexpressed miRNAs in the decidua of RSA patients.
From the above results, we can speculate a network of miRNA regulating RSA. Firstly, all significantly differentially expressed miRNAs affect pregnancy by regulating the adhesion function. In addition, part of the miRNAs can lead to the occurrence of RSA via regulating the expression of immunological factors and angiogenesis-related genes. All of these miRNAs act together to regulate a variety of physiological functions, which leads to RSA. However, all of these predictions are merely a starting point for the study of miRNAs in RSA, and the exact functions of these miRNAs identified in this article are still waiting for the experimental evidence to verify.
